Abstract-Large scale environmental monitoring requires dynamic optimization of data transmission, power management, and distribution of the computational load. In this work, we demonstrate the use of a wireless sensor network for detection of chemical leaks on gas oil well pads. The sensor network consist of chemi-resistive and wind sensors and aggregates all the data and transmits it to the cloud for further analytics processing. The sensor network data is integrated with an inversion model to identify leak location and quantify leak rates. We characterize the sensitivity and accuracy of such system under multiple well controlled methane release experiments. It is demonstrated that even 1 hour measurement with 10 sensors localizes leaks within 1 m and determines leak rate with an accuracy of 40%. This integrated sensing and analytics solution is currently refined to be a robust system for long term remote monitoring of methane leaks, generation of alarms, and tracking regulatory compliance.
INTRODUCTION
Large scale environmental monitoring requires distributed sensing and data fusion from heterogeneous sources like embedded sensors, remote observations, and inspection data [1] . When operated outdoor, such monitoring systems need to withstand extreme weather conditions and be robust in harsh environmental conditions [2] . Currently, the main limitations of outdoor sensing are long term stability of electronics under extreme weather conditions, reliable communication bandwidth from point of sensing to cloud, and power harvesting [3] . Furthermore, maintenance of such systems requires knowledgeable personnel who are familiar with networking, firmware, sensor calibration, and intimate knowledge of industry specific regulations. Many of the above complexities need to be minimized and eliminated in order to make wireless sensor networks more cost effective and widely adapted in different industries.
Outdoor sensor network require data collection and transmission to the cloud and many implementations are delayed due to the need for a central location where analytics can be carried out. Spotty cellular coverage makes data transmission difficult especially in remote locations. With the emergence of alternative communication technologies (Fig 1a) satellite, low power long range (LoRa), and narrow band internet of thing (NB IoT) are explored. Each communication technology is a tradeoff between distances across which data can be transmitted and the data bandwidth. The operating frequency, power consumption, data rate, and range of communications of the 4 most common communication means is shown in Fig 1B. As a rule of thumb, the larger the communication range the lower the transmission rate. Since no communication solution can transfer dense wireless sensor network data to the cloud a new approach relying on distributing computation between local sensing point (edge) and cloud is explored here to minimize data transmission. Furthermore, multiple communication protocols need to be combined to hop the data across the network and transmit data from the sensing location to a central point where it can be sent to the cloud. Such approaches are combining LoRa, cellular and Ethernet in the same platform; this requires optimization of data and computation at every connecting point, to ensure that data can easily transition between different protocols (Fig 2) . Since the data bandwidth rate varies across these protocols, there is a need to determine upfront the data acquisition rate and strategies to minimize data volume. Thus, data compression and edge analytics are useful to reduce the data acquired from a large number of sensors while maintaining the required information necessary for analytics [4] . Oil and gas industry relies on expensive infrastructure operated in remote locations. For oil and gas applications, the sensor network robustness, data volume, and reliable communications needs to be optimized. Many of the existing well pads may have one or two sensors that track extraction volume of oil and gas without monitoring operation and performance of the equipment. Predictive maintenance can improve extraction efficiency, maintain optimum operation of the equipment and ultimately maximize revenue for extracted oil and gas [5] . We note that such monitoring systems can be also used on well pads (1) to ensure worker safety by preventing exposure to dangerous chemicals, (2) prevent malfunctions that can lead to critical situations and (3) minimize liability.
Wireless sensor networks are a natural choice for monitoring well pads since they require no wiring to be laid out and sensors can be easily rearranged on the well pads. Furthermore, the wireless sensor networks can form mesh networks that are scalable to a large number of sensing points (up to hundreds of sensors simultaneously collecting data). In mesh networking, the sensing nodes can cover a large area as the distance between nodes can be as high as 50 m. Two such very common short range wireless sensor networks are based on Hart or Zigbee protocols [6] . Sensors in the mesh network can be diverse and range from environmental sensors to video cameras. Of special interest for oil and gas industry are the chemical sensors detecting methane, butane, propane or H2S.
Once the data is collected from each well pad, it can be processed locally or it can be transferred to the cloud for analytics. The choice between local or central processing is mainly determined by the availability of local computational power and the bandwidth communication between well pads and the cloud. A combination of two methods, where partial analytics can be carried out on a well pad and additional analytics carried out in the cloud, can also be used. One such scenario, that we are implementing here is data transmission from multiple wells to a central point well pad that has connectivity to the cloud. In this scenarios data is analyzed and compressed on each well pad and transmitted from the "satellite" pads to a central pad that has a communication link to the cloud (Fig 2) . Aggregation of data from multiple well pads may be the optimal solution in locations where cellular coverage is spotty but well pads are in the close proximity. For communication between well pads we leverage long range low rate (LoRa) communication [7] . LoRa is the ultimate cost effective solution as it operates in free frequency communication bands and thus represents a viable solution for monitoring discrete points across large geographical areas (Fig 1b) . The only limitations of LoRa is the low data rate that it supports (see Table 1B ).
Here we present our progress in developing multiple sensing and communication protocols into a single data processing platform that can address the spatiotemporal challenge of large geographical area monitoring. We note that regional scale solutions require leveraging big data technologies for collecting, processing, and analyzing heterogeneous data and the ability to carry out analytics on data streams [8, 9] . Towards that goal, the data is processed in a Hadoop/Hbase environment making parallel processing and map reduce tasks part of the large scale analytics. Our goal is to validate that wireless sensing solutions can perform as reliably as SCADA systems. SCADA is an established wired communication system widely used in oil and gas industry [10] . The wireless solutions are inherently scalable, easily deployable, and energy efficient. The platform based on wireless sensing can easily combine sensing and edge analytics at the sensing point [11] that enable efficient data transmission in remote locations.
II. WIRELESS SENSORS FOR OIL AND GAS INDUSTRY
A. System requirements Natural gas provides more than 35% of electricity in the United States [12] . Natural gas is extracted from more than half a million well pads distributed across the continental United States [13] and clustered around gas shale basins. A typical gas well pad has a 200 m by 200 m surface area containing well heads, gas processing units, storage tanks and associated infrastructure [14] [15] [16] . Despite low energy prices, the number of gas well pads drilled is increasing due to decreased cost in drilling technology and the public demand for low carbon footprint fuels.
Natural gas has lower greenhouse gas emissions compared to fossil fuel. However if leaks occur on well pads, allowing natural gas to escape into the atmosphere, methane leaks may be more harmful to environment than CO2 [17] . Previous studies have demonstrated that leaks on well pads are mainly clustered around the well heads, combustor or storage tanks [13, 17, 18] . The leak rate can vary from 2% up to 15 % of the total extracted gas on a well pad [15] . Calculations show that a 4% leak rate can null out all the benefits of using natural gas as an energy source and will be on par with fossil fuel in damaging the environment.
Due to safety considerations, extraction and processing equipment are dispersed on natural gas pads to prevent fire hazards or due to worker safety considerations. The two most dangerous gases encountered on well pads are hydrogen sulfide (H2S) and methane (CH4), which can be lethal in large concentrations. In daily operations, sensors are carried by the well pad operators to monitor background levels of H2S and methane concentration. Many of the sensors are threshold level sensors that indicate either benign or dangerous environments by issuing an alarm once a certain threshold is crossed.
Routine inspection for leaks is carried out infrequently and is mainly triggered by extraction equipment malfunction. By the time the leaks are identified, large amounts of gas may have escaped into the atmosphere.
Integrating a permanent sensing solution on a well pad can have the benefit of predictive maintenance where leaks and equipment malfunction are detected as they start developing. Such s system can trigger early interventions to minimize financial losses and can identify and quantify hazardous conditions before humans are exposed to contaminated environments. We note that a comprehensive detection system should be able to monitor in real time multiple leaks and identify their locations. Since the locations of the leaks can be anywhere on the well pad, a dense wireless sensor network can reduce the time to detect leaks from days/weeks that is currently the practice to hours.
B. Sensor perfomance and calibration
Methane is detected by a chemi-resistive/ sensors based on SnO2 thin film that changes resistance in response to absorbed methane. The sensitivity and selectivity of the chemi-resistive sensors are enhanced by operating the sensors at 280 C, using a metallic heater integrated with the SnO2 sensing element. As the plume is moved by the wind, methane molecules get absorbed on the film and change its conductivity. The increased conductivity is converted into methane concentration based on well controlled calibration of individual sensors. A sub ppm sensitivity of current methane sensors has been established in indoor laboratory experiments and confirmed in outdoor measurements [19] . The sensitivity of the methane sensors is dependent on relative humidity and temperature of the ambient air for which adjustments must be made in the analytics before a sensor reading is converted to methane concentration.
Correction curves are used to eliminate the contribution of environmental conditions and have the resistance change attributable to chemical plume exposure. The chemi- 
Fig 5(A) Typical time trace of chemical plume detection by a chemi-resistive sensor where increased signal indicates methane plumes and identification of methane peak heights (red dots) using peak detection algorithm (B) histogram of methane peak distribution for instantaneous wind direction.
resistive sensors have cross sensitivity to other chemicals; most notably ethane. This cross sensitivity makes the sensor not very specific. Alternatively, optical absorption based sensors can be used that have exquisite sensitivity to methane. Such silicon nano-photonics sensors are being developed as part of this effort with the final solution being a combination of chemi-resistive and optical nano sensors [18] . The chemi-resistive sensors continuously monitor the environment; once an elevated level of chemical concentration is detected the sensing is switched from chemi-resistive to nano-photonics sensors [18] . While chemi-resistive sensors are very cost effective they are operated at high temperature and thus require large power consumption. Maintaining the high operating temperature of the chemi-resistive sensors is achieved by passing a current (55 mA) through a heater such that sensor is operated at 280 C. Typical response time of a sensor to exposure to a methane plume is around 2 seconds. This time lag determines the sampling frequency of the sensor reading (every 2 seconds).
Calibration experiments are carried out using an experimental setup where sensors are placed on a circular perimeter and the "methane leak" is positioned at the center or off the center of circle ( Figure 6 ). The radius of sensor placement was varied between 1 and 10 m to test the spatial range where analytics provides reliable results. The methane leak rate is varied between 1 scfh up to 4 scfh dependent on the wind conditions. Wind direction and orientation are measured at the center of the sensor ring at 1 m above the ground. A nearby gateway collects and formats the data from methane and wind sensors and sends it to the cloud.
When methane plumes pass nearby the methane sensors the increase in concentration causes a spike in the sensor response (Fig 5) . The peak width is usually a few seconds wide and its maximum value is identified as the maximum methane concentration. Algorithms were developed to calculate the maximum peak value for methane peaks and they are shown as red circles in Fig 5A. The signal from each sensor is correlated with instantaneous wind direction to quantify the direction of the plume being swept across the sensors (Fig 5B) . While the deterministic relationship between peak detection events and wind direction is weak, statistical analysis across a longer time period (ranging from half an hour up to a few hours) demonstrated that peak distribution and peak count correlate with the mean wind direction (Fig 5B) . Indeed, statistical detection of the peaks can be used both for leak localization and leak rate detection as will be discussed in the analytics section.
The correlation between sensor detected methane plume peaks and instantaneous wind direction measurements indicated that most of the peaks are distributed along the prevalent mean wind direction. However, due to wind turbulence caused by the infrastructure on a well pad, plumes are dispersed both in the lateral and vertical directions requiring more complex analysis that relates methane peak detection to instantaneous wind direction.
III. CHEMICAL PLUME MONITORING
Sensor networks are required to be operational across a wide range of temperatures (-40 C to 40 C) common during summer/winter seasons and to withstand harsh environments. Both electronics and battery operations need to withstand temperature fluctuations and serve their purpose of computations and provide operational power.
While for indoor applications, lithium-ion batteries are both compact in size and provide high charging power, they are less effective outdoor as charging is limited below 0 C. Among the existing commercial solutions only leadacid based batteries are operational in the required temperature range; i.e the battery needs to charge at the lower temperature while providing the required power to keep the sensor network operational. Lead acid batteries have a charging cycle up to 5000 times which result in a sensor system lifetime up to 12 years. Furthermore, all electrical circuits need to be intrinsically safe; i.e. preventing excessive overheating and spark formation to qualify the solution operable in highly flammable environments [20] .
Solar power harvesting integrated with a sensor network is currently the most cost effective solution to operate in remote locations. Power generated needs to both charge batteries and also provide power to the detection circuit. For our wireless fugitive methane detection box the power requirements are summarized in Table 1 . Currently, the chemi-resistive methane sensor is the largest power consumer in the circuit. The sensor requires continuous powering to maintain temperature stability, and sensor power consumption dictates the size and specifications of the battery and solar panel. The sensor box is equipped with a 12 Ah battery having a 6 V output. For power harvesting, a 9 W solar panel that ensures 6 days continuous operations is used. The battery sizing also ensures that during cloudy days the system will have enough power to operate for 6 days uninterrupted. Once the sensor network is mounted on a well pad, the sensing nodes automatically form a mesh network. Each monitoring system should contain a central gateway that is the central brain for communication and data processing. In our implementation, the gateway hosts the wireless sensor network manager, a single board computer for data processing and also a LoRa gateway for communications with other well pads. In addition to the methane sensors, the system has an integrated wind sensor to record the instantaneous wind direction and speed. Using multiple monitoring points on the well pad, the chemical plume distribution can be sampled by taking a time snapshot of the spatial distribution of the plume carried by the wind to the methane sensors. The local wind turbulence contributes significantly to the methane dispersion and is an integral part of the analytics (as will be discussed in the later sections).
Besides data acquisition the central gateway handles data formatting, data storage, and data compression (Fig  3) . Since some of the analytics requires modeling from a single well pad up to few closed positioned well pads, we combine various sensing and modeling tools like wireless sensor network, advanced dispersion modeling, inversion modeling, Computational Fluid Dynamics, along with satellite based methane analytics. We called these systems "An Intelligent Multi-modal CH4 Measurement System (AIMS)" since it performs multi-tier large-scale analytics and sensor data management. This solution is developed to be scalable from a single well pad to regional scale monitoring, having the backend infrastructure built on distributed computation and big data technology.
IV. CLOUD PLATFORM
A Service Oriented Architecture is implemented to manage data across the system entities. The data collected from the sensor are transmitted to the cloud server using Message Queue Telemetry Transport (MQTT) that is a machine-to-machine (M2M) connectivity protocol. MQTT is an extremely lightweight publish/subscribe messaging protocol that is ideally suited when sensors are located in remote locations and communication bandwidth is limited [21] . An MQTT Broker acts as an aggregation point for data coming from multiple sensing points that are part of a wireless sensor network.
The MQTT Broker forwards the data to a RabbitMQ Message Broker, which is responsible for routing messages to various parts of the system [22] (Fig 4) . The RabbitMQ Broker handles all messaging tasks like delivery acknowledgement, flexible exchange and queue binding, and message monitoring. RabbitMQ is a very adaptable solution for our data generation rate while developing the pipeline for high throughput message brokers such as Kafka [23] .
The data streams are formatted to JavaScript Object Notation (JSON) format [24] , and are read and stored in a PostgreSQL database on the cloud platform. The flexibility in data acquisition enables a star network configuration for gateways that will broadcast data though a single connection. The JSON formatting allows data structuring so that data is clearly routed to the correct destination. The flexibility of JSON files enables inter communication between data services and a web based interface.
The various parts of the AIMS system are linked through a common web based Application Program Interface (API). The API provides the following functionality of the system:
• Ability to register and configure gateways, and wireless devices • Ability to upload 3D models for Computational Fluid Dynamics (CFD) based analytics • Retrieving raw data from either the database or object storage • Ability to retrieve data from various analytics services like sensor network layout on a well pad • Writing analytics data to the database All services run as isolated processes in Docker containers. Currently, the AIMS system has two active services that consume the data.
The AIMS Monitoring Service is a real time reporting tool that checks the connectivity status for all the gateways and associated devices that have been deployed at various locations. The service also monitors whether the methane data being sensed from the site is above a critical level. Should the methane exceed this level, the service triggers an extensive computational fluid dynamics (CFD) modeling and built in analytics to perform leak source localization.
The CFD Service is designed to ingest Computer Aided Design (CAD) files that have been uploaded to Object Storage. It pulls in newly uploaded files, and runs a meshing utility that converts the CAD file into a 3D mesh format that can be used by the CFD solver. Once the CAD file is meshed, the output is written back to the Object Storage, and the metadata associated with the mesh is entered into the database. Whenever the AIMS system needs to execute a CFD run for a particular well pad, it pulls in wind data for that well pad, as well as the 3D mesh associated with the well pad. These services are very valuable if infrastructure arrangement changes on the well pad and new sensor locations may need to be determined. The streamline output for a run can then be forwarded to the AIMS Analytics service that uses this information to localize the source of a methane leak.
V. ANALYTICS
The task of the analytics software is to reduce methane concentration measurements from one or more methane sensors and at least one wind sensor to an estimate of the location and magnitude of a methane source (leak). Observations of methane release in a controlled environment while being monitored by the sensor network support the view that methane transport on the short length scale can be described as a meandering plume [25, 26] . We note that in close proximity of a source, the traditional Gaussian plume model is not a valid assumption and models require a Lagrangian description of the particle dispersion [27] . This plume meanders according to the speed and turbulence intensity of the flow. From the downwind sensor point of view, the plume crosses (meanders) over the sensors that are along the mean wind directions. Assuming the time constant and sensitivity of the sensor are appropriate to the speed and concentration of the plume as it crosses the sensor, a peak in the time series data will be registered. Fig 5 illustrates an example signal from a metal oxide methane sensor where methane plume is detected as increased signal of the sensor with typical peaks a few seconds in width.
In a typical experiment, a plurality of sensors are arranged in an area to be monitored. It was found that using a perimeter arrangement (usually an approximate circle) with a leak positioned somewhere in the perimeter to be a useful experimental arrangement to validate the meandering plume model. We employ one or more 2D and 3D ultrasonic wind sensors to characterize the air flow as the methane sensor measurements were taken. All the data is recorded and transmitted to a cloud database for later processing.
During experimental observations, a calibrated methane leak was positioned in the perimeter of sensors at different x, y and z locations and at different flow rates. Since this
Fig 7 (A) Localization analytics data taken with a 16 sensors positioned around the perimeter of a well pad with leak located at center of tank structure. (B) Illustration of test pad containing equipment from which the leak was generated. (C) Performance of the leak locations and (D) leak rate calculation based on three scenarios of controlled methane emission.
was the first measurement carried out on a well pad, the position of the sensors on the ground and their height was determined from CFD simulations that showed plume dispersion based on wind condition and leak locations..
The chemi-resistive sensors readings are converted to methane concentration under a variety of conditions and compensate for the contribution of environmental conditions like temperature and relative humidity. The methane plume peaks are the fastest peaks. These peaks are detected as a time varying analog voltage signal from the methane sensors which is digitized at approximately 2s intervals. The original signal is further processed using a high pass filter to remove baseline variation and extract the peak information in terms of amplitude and peak width.
Given a collection of peaks, the known position of the sensors and the associated wind data, it is possible to extract an estimate of the leak position by a variety of methods. It is found that selecting only the peaks for which the wind direction and magnitude have remained stable for a period of time prior to the peak corresponding to a full traversal of the perimeter of sensors at the average wind speed during the period has the most valuable information that can be used by analytics. The calculation is divided into two steps. The first estimates the location of the leak in x, y, and z directions, the second estimates the source magnitude.
One method of determining the source location involves using data from each peak relative to all other peaks (i.e. all combinations of peaks taken 2 at a time). For each combination an intersection is computed based on the mean wind direction prior to each peak. A value is added to an array accumulator at a location corresponding to this intersection point and with an area corresponding to the variation of the wind direction during the time interval. Over many intersections, the most likely position of the leak emerges as the point corresponding to the centroid of the accumulator. Figure 6 illustrates the accumulator contents for a central and an offset source location in a 10 meter diameter sensor ring. This approach is experimentally verified and can be carried out in 2 or 3 dimensions. We note that for practical cases, leaks cannot appear in mid space and must occur at an emission surface. This condition can be used to reduce the source estimate to a distorted twodimensional calculation.
Once the location of the source leak has been estimated, the magnitude of the leak can be estimated. One method is to estimate the source magnitude for each peak using the formula below. S = 2 Uc = d /U where: S = source magnitude estimate based on a sensor peak, gms/sec C = peak concentration at sensor peak, in gms/meter 3 d = distance to source, in meters = variation of wind velocity over methane peak interval, in meters/sec U = average wind velocity over methane peak interval, in meters/sec An average value for all sensor maximum peaks is then computed to give the source estimate. Source localization assumes that leaks are originated from known structures and impose the constraint that leaks cannot appear from free space. To account for these considerations, leaks can only originate from structures of interest. This condition is illustrated in Fig 7, which describes an experiment carried out on a representative well pad where a controlled amount of methane is released. In this case 16 sensors at the edge of well pad perimeter were used to estimate the leak located at the center of a tank structure. This is reflected by the yellow dot at the center of the point cloud in the illustration above. These tests have been successfully repeated on approximately 60 field tests on sites containing realistic structures to locate leaks and estimate source magnitude. In general, the more sensors that are used the faster it is possible to locate a leak with precision in a given period of time. Conversely, it is in principle possible to use a single sensor to locate leaks on large area in significantly longer time intervals. Finally, the time it takes to determine a leak location depends on the wind condition. If there is significant variation in the wind direction it is possible for a given number of sensors to locate a leak in a shorter period of time.
VI. DISCUSSION
Wireless sensor networks are emerging as a candidate for large scale environmental monitoring due to their flexibility in placing sensors in points of interest and the potential to locally process the data and transmit the analytics output to the cloud. One of the common question asked relates to the number of sensors required for monitoring and the locations where sensors should be positioned. Using information about elevation, vegetation, and historical wind data the sensors should be placed downwind in locations where wind turbulence is large as these conditions will eventually capture chemical plumes.
Regarding the number of sensors required for monitoring, it is a question of how fast the leak needs to be detected and the required accuracy. A single sensor may be able to detect a leak if the wind will move the plume toward the sensor. With a single sensor enough events needs to be detected in order to distinguish plumes from stochastic background events. As the number of sensors are increased, the detection time is highly reduced and the leak location and magnitude can be identified faster.
We note that power harvesting, flexible communication and automatic operations of wireless systems can be tailored for specific applications where industry knowledge, contextual information, and computation can be divided between edge and cloud.
We started to develop a flexible system that accommodates the addition of new sensors with minimum integration work and once part of the network they start streaming time synchronized data. The data acquisition frequency for any sensor can be set independently based on data frequency required by analytics. The wireless sensor data can be further fused with complementary data (satellite, drone, mobile sensing) to go beyond simple leak detection and act as a whole well pad monitoring tool. Such a tool can measure deviations from normal operation and keep track of all the equipment and infrastructure on the well pad (asset management tool). For example, in the oil and gas industry besides chemical leak detection, these sensors can monitor structural health of the infrastructure, operation of the electrical and mechanical equipment and sensing natural hazards like flooding, hurricanes, and/or tornadoes that may affect operation. Since many of the sensing nodes have an integrated microprocessor, these nodes can serve also as control points where they can trigger control action of the existing operating equipment and processes. Integrated sensing and actuation can enable closed feedback loop operations where human decision making is continuously enhanced by dense sensing from the well pads. The final goal is to enable a true Internet of Thing approach where sensor data can be accessed beyond proprietary databases and firewalls to extract sensor data and information of interest for various applications. Crossing communications protocols like wireless HART, LoRa, and cellular has been demonstrated in this work but this effort needs to be extending to Ethernet, Bluetooth and Zigbee to enable cross communication and data extraction from different data gathering and communication systems.
VII. CONCLUSION
A data management platform is developed to acquire, transmit and store wireless sensor network data from an oil or gas well pad to a cloud platform. The system is optimized for power efficiency and minimizing data transmission to make the system operational in remote locations. The localization performance and leak detection accuracy is characterized based on controlled release of methane gas. The real time sensor data is fed to inversion modeling to calculate the leak rate and establish the leak location based on realistic methane leak test scenarios. The accuracy in leak detection is less than 1 meter while the leak detection is within 40% of the leak rate. The system is developed to have flexibility in integrating additional sensors like vibration or acoustic sensors, or visual inspection to enable any type of outdoor monitoring that requires low cost and robust sensing solutions.
